Spin-polarized electron sources play a critical role in nuclear and high energy physics research, where the spin of the electron is used to study the nuclear structure, the dynamics of strong interactions, electro-weak nuclear physics, including parity-violation, and physics beyond the Standard Model. 1 Inexpensive bulk GaAs provides a very high quantum efficiency (QE), but the electron-spin polarization (ESP) cannot exceed 50% due to the heavy-hole, light-hole degeneracy of the 2 P 3=2 valence band state. 2 Photocathodes grown on a crystal structure with a different lattice constant can provide beam polarization exceeding 50% because of the induced uniaxial strain that eliminates the degeneracy of the valence band. 3, 4 Throughout the 1990s, single-strained-layer GaAs/ GaAsP photocathodes providing polarization 75%-80% and maximum QE $ 0.3% 3, 5, 6 were used at electron accelerators worldwide, [7] [8] [9] [10] [11] [12] [13] but the beam delivery using single-strainedlayer photocathodes made apparent the delicate competing balance between maintaining the required degree of strain and growing of a layer thick enough to provide sufficient QE. In the following decade, strained superlattice structures consisting of very thin quantum-well active layers and alternating lattice-mismatched barrier layers were developed. 14 The superlattice structure maintained the required degree of strain to produce high polarization and also provided sufficient active layer thickness to obtain higher QE. The strained GaAs/GaAsP 0:36 superlattice structure reported in Ref. 15 provided QE of 1.2% with the polarization of 86%, and it is available commercially. 16 Strained superlattice photocathodes fabricated at other facilities have also demonstrated a very high polarization but no higher QE. [17] [18] [19] [20] One of the proposed Electron Ion Collider (EIC) designs, eRHIC, 21 requires milliamperes of polarized electron beam representing a factor of $250 beyond today's state-of-theart. A photocathode with a QE of only 1% would require $8 W of laser light (with RF structure) to generate the desired 50 mA average beam current and even more light when photocathode QE decays during operation due to ionbombardment. 22 In the standard strained superlattice design, most of the incident laser light simply heats the photocathode instead of promoting electron ejection, which can degrade QE due to the evaporation of the chemicals used to reduce the surface work function. 23 Methods to cool the photocathode during beam delivery are complicated because the photocathode is biased at high voltage. Developing photocathodes with enhanced QE could simplify the photogun design, reduce the drive-laser power requirements, and prolong the effective operating lifetime of the photogun.
A photocathode with a distributed Bragg reflector (DBR) was first proposed in 1993 24 and reported in the following years, 25, 26 as a means to enhance the photocathode QE. The DBR serves to create a Fabry-Perot cavity formed by the front surface of photocathode and the DBR region. Instead of a single pass in the standard design, laser light of a particular wavelength reflects repeatedly within the FabryPerot cavity, which increases the beneficial absorption of the incident photons, and in principle, it leads to an enhanced QE. In our previous work, 27 the enhanced QE of strained GaAs/GaAsP superlattice photocathodes with DBRs was 1.2% with polarization near 90%. Relatively low QE was attributed to the weak resonant absorption of incident laser light and a mismatch between the wavelength of peak absorption and peak polarization. It was clear that the wavelength of peak reflectivity of the DBR was very sensitive to the refractive indices and thickness of each DBR layer constituent, and that the peak of resonant absorption was very sensitive to the thickness of the photocathode, especially the Published by AIP Publishing. 109, 252104-1 spacer layer between the DBR and the superlattice photocathode structures. Accurate control of the thickness of each layer and of the composition of each constituent chemical within the photocathode structure was challenging. In this study, a deeper appreciation for the global challenges of photocathode fabrication, together with improved modeling and fabrication techniques, allowed the fabrication of a strained GaAs/GaAsP superlattice photocathode with DBR (GaAsP/AlAsP) exhibiting significantly improved performance. The photocathode provided 84% polarization and QE of 6.4%, which is the highest QE of any reported high polarization photocathode. Moreover, peak polarization and QE were obtained at 776 nm, a wavelength compatible with CEBAF photogun drive lasers and readily available fibertelecommunications hardware.
This DBR study benefited from the past work that resulted in the fabrication of the strained GaAs/GaAsP superlattice photocathode as described in Ref. 15 , which represents the basis for polarization and QE comparison. See Ref.
15 for a complete description of the design criteria and optimization of this photocathode structure. A schematic layout of the strained GaAs/GaAsP superlattice photocathodes with and without DBR structure is shown in Figure 1 .
The DBR is composed of multiple layers of alternating high and low indexes of refraction. A natural choice for high index of refraction layer was GaAsP, which provides a good lattice match to the graded buffer layer. Though a challenge for growth, we chose AlAs 1Ày P y for the low index of refraction layer for a maximum refractive index contrast and a minimum DBR thickness. The thickness of each layer follows the quarter wavelength condition:
The bandwidth for which the DBR exhibits high reflectivity is given by the formula
The Fabry-Perot cavity is formed by the vacuum/GaAs cap layer interface and the DBR. Proper thickness of a GaAsP spacer layer between GaAs/GaAsP superlattice and the DBR ensures the maximum absorption in the superlattice active layer that coincides with the central reflective wavelength of the DBR.
To design the structure, the refractive index of these layers can be estimated using the simplified interband transition model as a function of photon energy
, and X so ¼ E E 0 þD 0 , where, A represents the strength parameters of the E=ðE 0 þ D 0 Þ terms and B represents the nondispersive contribution arising from the higher-lying band gap (E 1 ; E 1 þ D 1 ; E 2 ; etc.) for each layer. The quantities E 0 and D 0 are the band-gap energy and spin-orbit splitting, respectively, given by the Vegard's Law for GaAs 1Àx P x . 29, 30 The desired wavelength of peak reflectivity was k DBR $ 780 nm, compatible with the CEBAF drive lasers. Setting the phosphorus fractions in the GaAs 1Àx P x and AlAs 1Ày P y layers to 0. 35 
The transfer matrix method 31, 32 was used to calculate the reflection, transmission, and absorption of the incident light through the complete multilayer thin-film structure including the GaAs substrate. Calculated values of surface reflectivity (R), transmittance (T) into the GaAs substrate, absorption (A) (not including the GaAs substrate), and the absorption enhancement factor as a function of wavelength are shown in Figure 2 . There are two resonant absorption peaks within the optical cavity for the DBR photocathode at wavelengths 726 nm and 776 nm. Absorption by the substrate is not plotted as this process does not contribute to the polarized electron emission. The resonant peak at 776 nm is just 4 nm from the desired value of 780 nm. At 776 nm, the absorption is 21.03%, surface reflectivity is 50.14%, and transmittance into GaAs substrate is 28.83% for the DBR photocathode, corresponding to maximum electron spin polarization. The full-width half-maximum of the FabryPerot resonance is about 10 nm at 776 nm. The absorption enhancement factor is 7.4 at this wavelength.
To estimate the quantum efficiency of photocathode, one can solve the one-dimensional diffusion equations, based on the Spicer's three-step model ;
where P C and P L are the surface electron escape probability for the C and L minima, respectively, which are independent of the incident photon energy, F C is the remaining fraction of excited electrons, F L is the fraction of electrons that is excited to energies greater than the L minima, A is the absorption of photocathode, L C and L L are the electron diffusion length for the C and L minima, respectively, a k is the absorption coefficient of the photocathode, and k is a coefficient (k ! 0). The calculated QE for the DBR photocathode, together with the QE enhancement factor as a function of wavelength, is shown in Figure 2 . All photocathodes were grown in a solid-source molecular beam epitaxy (SSMBE) system equipped with As and P crackers on a (100) p-type GaAs substrate, upon which a 200 nm Be-doped (2 Â 10 18 cm À3 ) GaAs buffer layer was deposited. The 5-lm-thick Be-doped graded GaAsP x layer was then grown with an increasing P composition from x ¼ 0 to 0.35, followed by a 2-lm-thick GaAs 0:65 P 0:35 layer, in order to produce a strain-relaxed GaAs 0:65 P 0:35 layer compatible with the superlattice active layer. The DBR structure consisting of 12 pairs of GaAs 0:65 P 0:35 (54 nm)/AlAs 0:6 P 0:4 (64 nm) was subsequently grown on top of this layer. In order to create an effective Fabry-Perot resonant cavity for the desired wavelength near 780 nm, a 750-nm-thick GaAs 0:65 P 0:35 layer was grown on top of DBR, acting as a spacer. Both GaAs 0:65 P 0:35 and DBR layers were Be-doped at 5 Â 10 18 cm À3 to promote high electrical conductivity. The p-type (5 Â 10 17 cm À3 ) GaAs The growth of GaAs 0:65 P 0:35 /AlAs 0:6 P 0:4 DBR structure was very challenging due to the large differences in growth temperatures and the V/III flux ratios for the GaAs 0:65 P 0:35 and AlAs 0:6 P 0:4 layers. The optimal growth temperatures for GaAs 0:65 P 0:35 and AlAs 0:6 P 0:4 were 660-700 C and 700-750 C, respectively, as determined by the surface temperature measurement and reflective high energy electron diffraction (RHEED) images during the MBE growth. Thicknesses and composition were verified using x-ray diffraction measurements and x-ray simulation models. It was very difficult to accurately control the growth rate of GaAs 0:65 P 0:35 at high temperatures, especially approaching at 700 C, because the re-evaporation rate of Ga atoms from the sample surface increases rapidly with increasing growth temperatures above 660 C resulting in inconsistent control of the layer thickness. Additionally, maintaining the As/P fraction in GaAs 0:65 P 0:35 layers is difficult when grown below 650 C, as the As/P fraction is very sensitive at low growth temperatures. 35, 36 For this reason, the thick graded composition GaAsP was grown at 660 C. However, the material quality of AlAs 0:6 P 0:4 layer was poor when grown at this temperature. Therefore, the growth temperature of GaAs 0:65 P 0:35 /AlAs 0:6 P 0:4 DBR had to be kept at 700 C as measured by an SVT AccuTemp process monitor using a two-color infrared pyrometer. The large difference in V/III flux ratio during the growth between GaAs 0:65 P 0:35 and AlAs 0:6 P 0:4 added extra difficulty to achieving high quality DBR layers. The V/III ratio for GaAs 0:65 P 0:35 is around 50, whereas the ratio is only around 3 for AlAs 0:6 P 0:4 . Numerous growth-calibration and material-characterization runs were required to develop a suitable substrate temperature and source-switching recipes to enable the fabrication of high quality GaAs 0:65 P 0:35 /AlAs 0:6 P 0:4 DBR and strained superlattice structures grown by SSMBE.
Photocathode samples were evaluated using a lowvoltage retarding-field Mott polarimeter. 37 Samples were attached to sample holders and installed within the vacuum chamber, which was baked at 250 C for 36 h, and allowed to cool to room temperature. Photocathodes were then heated to 480 C to remove the As cap and cooled to room temperature under typical vacuum pressure $10 À11 Torr. A negative electron affinity condition was obtained using the standard yo-yo activation procedure with cesium and NF 3 .
38 A broadly tunable super-continuum laser (NKT Photonics, SuperK) provided the milli-Watts of output power over the wavelength range from 400 to 800 nm. Optical waveplates (quarter and halfwave) were used to generate the left and right circularly polarized light required to obtain spin polarized electrons.
Measured values of QE and electron-spin polarization (ESP) as a function of wavelength, for photocathodes with and without DBR, are shown in Figure 3(a) . For the non-DBR photocathode, results are consistent with past work 15 indicating the peak polarization of 90% and the QE of 0.89% at a wavelength of $780 nm. In stark contrast, the QE of the DBR photocathode shows the telltale prominent oscillatory behavior indicative of resonant absorption. Measured reflectivity and QE enhancement (i.e., the ratio of QE values of photocathodes with and without DBR) are shown in Figure 3(b) . The two dips in the reflectivity spectrum are clearly correlated with wavelength locations of QE maxima. At the wavelength of interest, 776 nm, the QE was 6.4% and the polarization was $84%. The measured QE enhancement of $7.2 is very close to the predicted value of $7.4. It should be noted that QE enhancement is a somewhat arbitrary metric dependent on when measurements were made following photocathode activation and subject to non-trivial variations in QE associated with vacuum conditions that influence the photocathode lifetime.
These results are compared to results from other photocathodes listed in Table I, 
